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ABSTRACT 1 
The robustness of a range of watershed-scale “green” and “gray” drainage strategies in the future 2 
is explored through comprehensive modelling of a fully integrated urban wastewater system 3 
case. Four socio-economic future scenarios, defined by parameters affecting the environmental 4 
performance of the system, are proposed to account for the uncertain variability of conditions in 5 
the year 2050. A regret-based approach is applied to assess the relative performance of strategies 6 
in multiple impact categories (environmental, economic and social) as well as to evaluate their 7 
robustness across future scenarios. The concept of regret proves useful in identifying 8 
performance trade-offs and recognizing states of the world most critical to decisions. The study 9 
highlights the robustness of green strategies (particularly rain gardens, resulting in half the regret 10 
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of most options) over end-of-pipe gray alternatives (surface water separation or sewer and 11 
storage rehabilitation), which may be costly (on average, 25% of the total regret of these options) 12 
and tend to focus on sewer flooding and CSO alleviation while compromising on downstream 13 
system performance (this accounts for around 50% of their total regret). Trade-offs and scenario 14 
regrets observed in the analysis suggest that the combination of green and gray strategies may 15 
still offer further potential for robustness. 16 
TOC/ABSTRACT ART 17 
 18 
1. INTRODUCTION 19 
The pursuit of sustainability in urban water systems requires finding solutions that are valid 20 
now and are also able to accommodate future changes (e.g. climate change or urban 21 
development). This is a crucial consideration to ensure adequate performance and to minimize 22 
the vulnerability of the system now and in the future.1 The uncertain nature of these changes and 23 
their impacts requires to identify mitigation and adaptation measures which consistently deliver 24 
satisfactory levels of service under variable conditions2, that is strategies that involve low or no 25 
regrets in the face of future uncertainty.  26 
Notions of sustainable water management incorporating these ideas have been recently 27 
proposed3–6 in order to support strategies which are: effective (i.e. complying with multiple 28 
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objectives); robust (i.e. coping with a wide range of uncertainties); and flexible (i.e. allowing for 29 
unforeseen changes in physical and social conditions).  30 
Retrofit solutions for the management of stormwater, and particularly green infrastructure, are 31 
deemed to offer great potential as they simultaneously provide multiple benefits, whether these 32 
are environmental, economic or social in nature.7–10 There is however a lack of evidence 33 
concerning the magnitude and extent of such beneficial effects when these strategies are 34 
implemented at the watershed-scale.11 Although several studies12–16 have evaluated the broader 35 
impacts of green and gray infrastructure (water quantity and quality impacts as well as energy 36 
and carbon emissions), the application of complex physical models that integrate the whole 37 
urban wastewater system for this purpose has not been attempted. The present study fills this gap 38 
by means of a comprehensive integrated model that provides detailed representation of all 39 
relevant processes taking place in the wastewater system and their interactions.17 40 
The use of scenarios for uncertainty analysis in urban drainage systems has been extensively 41 
reported, particularly regarding climate change and urban development impacts.16,18–20 However, 42 
uncertainties related to the management of legacy infrastructure, such as the condition of 43 
combined sewers in the future, and the direct influence of social drivers in system performance 44 
have been largely ignored. Four future scenarios are developed in this study incorporating all 45 
these factors to construct a richer representation of future uncertainty in the year 2050. 46 
The robustness of green and gray strategies under uncertain future conditions has been 47 
frequently overlooked, limiting our ability to adequately inform long-term decisions, which will 48 
require judgment of complex issues from a variety of stakeholders. It has not been until recently 49 
that formal methods4,5,21 were applied to evaluate the robustness and adaptation potential of 50 
green and gray infrastructure to such conditions. However, a broader set of uncertainties, 51 
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objectives and alternatives need to be explored to better understand this issue. The regret-based 52 
approach applied in this paper tackles some of these shortfalls by evaluating the relative 53 
robustness of green and gray strategies based on an integrated environmental assessment of 54 
multiple impact categories (environmental, social and economic) across four different future 55 
states of the world. Such an approach facilitates the comparison of alternatives and the 56 
identification of performance trade-offs. Further, the method permits to recognize promising 57 
strategies and states of the world most critical to decisions. 58 
2. MATERIALS AND METHOD 59 
2.1. Case Study Overview 60 
The integrated case study22 used for the purpose of this investigation consists of three main 61 
subsystems: an urban watershed served by a combined sewer system, a wastewater treatment 62 
plant (WWTP), and an urban river (see Figure 1). 63 
Six different drainage strategies were proposed within the watershed (see Table 1): three 64 
“gray” strategies and three “green” source control strategies. The gray strategies include: i) 65 
separation of half of the existing combined sewer system by retrofitting storm sewers (SS 66 
strategy); ii) rehabilitation of the existing combined sewer pipes and expansion of centralized 67 
storage (CS); iii) on-site treatment (OT) of wastewater flows for half of new developments. The 68 
green strategies include: i) storage and infiltration of half of road runoff through retrofit 69 
bioretention planters (i.e. Source Control of Pavements or SCP strategy); ii) disconnection of 70 
roof downspouts into retrofitted rain gardens (SCR, Source Control of Roofs); iii) “urban creep” 71 
mitigation by using permeable pavement in residential driveways (SCC, Source Control of urban 72 
Creep). This last strategy aims at mitigating the gradual loss of permeable area to impermeable 73 
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area in the catchment (commonly known as “urban creep” in the UK) due to, for example, the 74 
paving of residential front gardens to create driveways. A “do-nothing” alternative (i.e. no 75 
improvements in the system) was also used to evaluate the marginal impacts of individual future 76 
scenario conditions. 77 
 78 
 79 
Figure 1. Schematic representation of the integrated urban wastewater system. Watershed: 15 80 
urban sub-watersheds with a total area of 758.9 hectares and a population of 181,000 inhabitants. 81 
Average dry-weather flow (DWF) = 377.1 L/s. Combined sewer: 29 main sewers and manholes 82 
and an online pass though storage tank (7000 m3). WWTP: a storm tank (6750 m3) and a 83 
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conventional activated sludge treatment process. River: mean flow rate 129,600 m3/d. Additional 84 
details provided in the Supporting Information (SI). 85 
The implementation of each alternative was considered in isolation for simplicity and to fully 86 
realize the beneficial or detrimental performance of one strategy relative to the others. A one-87 
year rainfall time series (5-minute resolution, 621.2 mm) was used to evaluate the present 88 
baseline performance and the performance of each drainage strategy in the future. 89 
 90 
Table 1. Main characteristics of the proposed strategies (more details are provided in the 91 
Supporting Information). 92 
 SCC SCP SCR SS CS OT 
Area type or 
system served 
Urban creep Roads Residential 
roofs 
50% of baseline 
watershed 
Combined 
sewers 
50% of new 
developments 
Impervious area 
served as % of 
watershed 
5-15a 28 44 50 100 - 
Type of 
intervention 
Permeable 
pavementb 
Bioretention 
plantersb 
Rain gardensb Surface water 
sewersc 
Improved 
sewers and 
storaged 
On-site 
treatment of 
wastewatere 
Strategy type Decentralized Decentralized Decentralized Centralized Centralized Decentralized 
aVariable upon future scenario conditions. bStrategy stores and infiltrates the runoff generated by 93 
the served area. cStorm sewers discharge half of the watershed runoff directly into the river. 94 
dSewer pipes are enlarged (from 1.2m to 1.5m) and new storage provided (50,000m3). eHalf of 95 
wastewater from new developments is locally treated and discharged into the river, bypassing the 96 
combined sewer system. 97 
 98 
2.2. Future Scenarios 2050 99 
The performance of each drainage strategy was explored in four different equiprobable future 100 
scenarios (Markets, Innovation, Austerity and Lifestyles), which represented the uncertain 101 
conditions affecting the urban wastewater system in the year 2050. These future conditions were 102 
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defined by the alteration of various parameters from present baseline values (see Table 2). Such 103 
alterations are based on scenario narratives (developed on the basis of previous UK water-related 104 
scenario analysis23–26) and the application of estimates available in the literature (for more 105 
information on scenario narratives and parameter estimates refer to SI). 106 
The parameters summarized in Table 2 are mostly related to changes in watershed 107 
permeability and the variation of sewer inflows which could threaten system capacity in the 108 
future. Permeability changes are represented by the rate of urban creep in the baseline watershed 109 
(i.e. loss of permeable area in the original watershed) and the impervious area increase occurring 110 
as a consequence of urbanization (i.e. new developments). Sewer inflows are determined by the 111 
combination of misconnections, groundwater infiltration and water use flowrates occurring under 112 
each future scenario. Foul sewers misconnected to storm sewers were considered a factor that 113 
could deteriorate future background water quality in the river, as wastewater is discharged 114 
untreated directly into the watercourse, along with surface runoff from new developments. 115 
Misconnections only occurred as a consequence of urban development (no misconnections in the 116 
baseline case), since the baseline river quality is assumed to account for any existing background 117 
pollution. Infiltrated groundwater was considered as an extraneous inflow evenly distributed 118 
throughout the watershed. Details on pollutant loads and patterns are available in the SI. 119 
The effect of climate change in precipitation was modelled by increasing the rainfall time 120 
series values (total rainfall depth) by 10%, a figure consistently used by governmental agencies34 121 
and regulators27 in the UK for the considered period. This uplift was assumed independent of 122 
future scenario conditions based on the annual precipitation projections for the UK under low, 123 
medium and high emission scenarios for the period 2040-2069.35 124 
 125 
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Table 2. Future scenario conditions based on parameters affecting the urban wastewater system 126 
of study. 127 
Parameter Baseline Markets Innovation Austerity Lifestyles 
Urban creep (ha)27,28 0 87.7 58.4 70.1 29.2 
Impervious area from new 
developments (ha)a 
0 290 226 129 161 
Misconnected foul sewers 
(l/s)29 
0 7.8 0.9 4.1 1.7 
Groundwater infiltration 
(l/s)27,30,31 
52.4 163.7 40.5 200.1 151.2 
Water use (l/person/d)23 155 165 125 140 110 
Population 
(inhabitants)23,32 
181,000 262,450 244,350 217,200 226,250 
Siltation in sewersb,33 0.97 0.92 1 0.84 0.92 
Climate change 
uplift27,34,35 
- +10% +10% +10% +10% 
Acceptability preferencec centralized centralized 
centralized/ 
decentralized 
decentralized decentralized 
aThis area is served by separate sewers and was estimated assuming typical values of house 128 
occupancy (2.4 inhabitants/property) and development characteristics (terraced development: 90 129 
houses/ha and 77% of impermeable area). bThe effect of siltation in sewers is represented by a 130 
full-pipe area reduction factor, 1: no reduction, 0: total reduction. cCentralized (decentralized) 131 
future scenarios have a high acceptability of centralized (decentralized) strategies and a low 132 
acceptability of decentralized (centralized) ones. Innovation scenario has a medium acceptability 133 
of decentralized options and a high acceptability of centralized ones. 134 
 135 
2.3. Components of the Integrated Environmental Assessment 136 
The performance of drainage strategies in each of the above future scenarios was assessed 137 
through eight impact categories (see Table 3), which encapsulated the fundamental components 138 
of sustainability within the study. 139 
The integrated modelling framework consisted of the software platform SIMBA 6.036 and the 140 
hydrodynamic sewer model SWMM 5.0,37 both coupled to model the integrated urban 141 
wastewater system (including watershed, sewer network, wastewater treatment plant, and river 142 
models) during one year of extended period simulation. This permitted detailed model 143 
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representation of hydrologic and quality processes in the watershed (rainfall-runoff generation), 144 
sewer hydraulics, physical and biochemical treatment processes, as well as hydrologic and water 145 
quality processes taking place in watercourses (more details of the modelling framework are 146 
provided in the SI). 147 
 148 
Table 3. Impact categories and indicators used to assess the performance of each strategy under 149 
future scenarios. 150 
Impact category Indicator (units) Comments 
Sewer flooding Total annual sewer flood volume (ML) Accumulated flood volume from sewer 
manholes during the one-year simulation. 
River flood risk Annual river peak flow (m3/s) Peak flow measured 1 km downstream of the 
last urban drainage discharge point. 
River dissolved oxygen Minimum 6-hour dissolved oxygen 
concentration (mg/L) 
Evaluates the effect of discharges on aquatic 
life38 at the worst river reach. 
River Ammonia 99 percentile total ammonia 
concentration (mg/L) 
Evaluates the effect of discharges on aquatic 
life38 at the worst river reach. 
Health and esthetics Annual CSO spill volume (m3) Surrogate indicator of both esthetic pollution 
(e.g. litter, smell) and potential public health 
impacts (e.g. pathogenic organisms). 
GHG emissions Operational annual emissions (tCO2) Emissions due to pumping
a and treatmentb of 
wastewater during the one-year simulation. 
Costs Present value of capital and 
maintenance costs ($ million) 
Unit cost estimates found in the literature39–44 
and other considerations,c assuming an 
operational life of 35 years and a discount 
rate of 3.5%.d 
Acceptability High/medium/low (1/2/3 score) Scores are assigned according to the 
acceptability preference of each future 
scenario.c,e 
aConversion factor of 0.523 kg CO2/kWhe.
45 bA conventional activated sludge process emits 88 151 
kg CO2/ML of wastewater treated.
45 cThe “do-nothing” option was assumed a zero-cost and low-152 
acceptability alternative in all future scenarios, since it is expected that improvements will be 153 
needed in the system by 2050.dDetails on whole life cost estimations are provided in the SI. eSee 154 
Table 2 and footnotes (acceptability preference). 155 
 156 
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2.4. A Regret-Based Approach to Robust Decision Making 157 
The variety of alternatives considered and the uncertainty over future conditions recommends 158 
the exploration of robust strategies. In a context of deep uncertainty, a robust strategy will 159 
generally trade optimality for less sensitivity to broken assumptions, performing satisfactorily 160 
over a range of possible futures.46,47 The approach used in this study evaluates the robustness of 161 
strategies by assessing their relative performance loss (i.e. regret) across all impact categories 162 
and future scenarios described above. The regret of a decision made now (i.e. by selecting a 163 
specific drainage strategy) is understood as the missed opportunity to choose an alternative path 164 
of action which would have resulted more beneficial once the future is revealed.48 Thus, the basis 165 
of the method is to select the strategy that minimizes the opportunity loss or regret accrued from 166 
all the considered future states (more details on regret score calculations are available in the SI).  167 
2.4.1. Category regrets 168 
The concept of regret (or opportunity loss), as introduced by Savage,49 was used here to make 169 
decision recommendations on mutually exclusive strategies. The regret of strategy s ∈ S under a 170 
future state f ∈ F is defined as the difference between the performance of s (for impact category 171 
i) and that of the best-performing strategy s’ for the same future state f and impact category i,  172 
 173 
Regret	,  = |Performance	,  − Performance	, |																	1  174 
 175 
In Equation 1, depending on the indicator used (i.e. the-higher-the-better or the-lower-the-176 
better), maximum performance could be either the maximum or the minimum value of the 177 
indicator, respectively. The best-performing option within each impact category is represented 178 
by zero regret (and by a positive value of regret otherwise).  179 
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2.4.2. Category regret scores 180 
Category regrets concerning any impact category i under any future scenario f were normalized 181 
relative to the most regrettable alternative s* in that impact category and scenario (Equation 2). 182 
This equation works as a utility function that assigns normalized regret scores according to 183 
performance (i.e. between 0 and 1, from best to worst performance). 184 
 185 
!	,  =
Regret	, 
max∗ [Regret	∗, 
																																																2 
The mean value of category regret scores for all future scenarios was also calculated to realize 186 
the trade-offs between impact categories consistently observed for each strategy (these are 187 
presented and commented in the results section). 188 
2.4.3. Scenario regret scores 189 
To compare the performance of strategies within each future state, category regret scores for 190 
each future scenario f and strategy s were aggregated into a single scenario regret score by 191 
applying an additive utility function (Equation 3). This reduced the problem of assessing 192 
multiple utilities (i.e. eight category regret scores) into one of assessing a one-dimensional 193 
weighted utility.50  194 
 195 
!	,  = %&'(	!	, )

																																																						3 
 196 
where '(	 represents the relative weight of impact category i in future scenario f, with 197 
∑ '( = 1 . Weights for each future scenario (Table 4) were elicited by judgement of the 198 
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importance that a swing in scores in one category has relative to the swing in another category 199 
(i.e. “swing weighting”).51 200 
 201 
Table 4. Weights applied to impact categories in each future scenario. Values in bold indicate 202 
the relative preference of objectives within a scenario (1: low; 2: medium; 3: high). 203 
Future 
scenario 
Sewer 
flooding 
River 
flooding 
River 
DO 
River 
AMM 
Health & 
esthetics 
GHG 
emissions 
Cost Accept. 
Markets 2/12 2/12 1/12 1/12 1/12 1/12 3/12 1/12 
Innovation 3/18 3/18 2/18 2/18 2/18 2/18 2/18 2/18 
Austerity 2/14 2/14 1/14 1/14 2/14 1/14 3/14 2/14 
Lifestyles 1/18 1/18 3/18 3/18 3/18 3/18 1/18 3/18 
Preferences are assigned to each category based on pairwise comparisons of the importance of 204 
a swing in objective scores (these preferences changed for each future scenario). Weights were 205 
then calculated by dividing each preference value by the sum of all preferences assigned to 206 
impact categories in each future scenario. 207 
 208 
2.4.4. Mean regret score 209 
The four scenario regret scores obtained above for each strategy were merged to calculate the 210 
mean regret score, which was used to measure the robustness of a strategy relative to the others. 211 
The arithmetic mean of scenario regret scores was considered an adequate representation of 212 
overall regret, providing an integral picture of performance across impact categories and 213 
scenarios for each strategy.  The strategy with the lowest mean regret score was considered the 214 
most robust alternative of all (we will call this the “mini-mean” criterion). This is a variation of 215 
the mini-max rule,49 which chooses the strategy that minimizes the greatest regret possible across 216 
future states.52,53 Mini-mean is a less conservative criterion since it allows compensating low 217 
performance in some scenarios with good performance in others. Mini-max is more risk-averse 218 
as it reduces the performance of each strategy to its single worst scenario, regardless of its 219 
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performance in other states of the world. Mini-mean is preferred here as it incorporates all 220 
available information to the decision, avoiding the discrimination of specific scenarios. 221 
3. RESULTS AND DISCUSSION 222 
3.1. Performance Trade-Offs 223 
Future scenario conditions in the watershed (represented by “do-nothing” black markers in 224 
Figure 2) cause the deterioration of both water quantity (Figure 2a) and water quality (Figure 2b) 225 
indicators relative to the baseline (dashed lines in Figures 2a and 2b). All alternatives contribute 226 
to improving the totality or part of these problems under most future scenarios, except urban 227 
creep mitigation (SCC) and on-site treatment in half of new developments (OT), whose 228 
performances fell short in recovering any baseline state in spite of improving most quantity and 229 
quality indicators relative to “do-nothing”. 230 
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 231 
Figure 2. Performance of strategies regarding: (a) annual CSO spill and sewer flood volume; 232 
and (b) ammonia and dissolved oxygen concentration in the river under the considered future 233 
scenarios (labelled for each alternative; M: Markets, A: Austerity, I: Innovation, L: Lifestyles). 234 
“Green” and “gray” infrastructure strategies are color-coded by shades of green and gray, 235 
respectively. Dashed lines in each figure denote present baseline performance. 236 
Figure 3 helps to identify the main performance trade-offs between impact categories 237 
consistently occurring in each strategy. Strategies with low regrets in an impact category (i.e. 238 
closer to the green line) are interpreted as “less regrettable” (i.e. better performing) than those 239 
with higher regrets (i.e. closer to the red line) in the same impact category.  240 
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 241 
 242 
Figure 3. Mean category regret scores of strategies (black markers) across future scenarios. 243 
Scores in each category range from no-regrets (0, green line level) to full-regrets (1, red line 244 
level). The amber dashed line shows mean category regret scores for the “do-nothing” option, 245 
which are useful to realize the relative improvement or deterioration of specific objectives when 246 
implementing each strategy. 247 
In Figure 3, roof downspout disconnection (SCR strategy) results in low regrets across most 248 
impact categories. Other decentralized green alternatives (SCP and SCC strategies) also show 249 
improved regret scores relative to “do-nothing”, except in the cost category where regrets are 250 
higher for any of the considered options. The mitigation of urban creep using permeable 251 
pavement (SCC strategy) results in small performance improvements due to the small fraction of 252 
impervious area removed by this strategy. In this sense, the larger removal of contributing areas 253 
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achieved by retrofitting bioretention planters (SCP strategy) and rain gardens (SCR) consistently 254 
reduced category regrets without showing significant performance trade-offs (i.e. the loss of 255 
performance in one category due to improvement in another). 256 
The largest compromises between performance categories are found in centralized gray 257 
strategies (SS and CS in Figure 3). The separation of part of the combined sewer by retrofitting 258 
storm sewers (SS strategy) is highly efficient in reducing CSOs, sewer flooding and river 259 
ammonia regrets; however, this comes at the cost of larger regrets in the risk of river flooding, 260 
total costs, and river dissolved oxygen. Sewer and storage enlargement (CS strategy) lowers 261 
sewer flooding, dissolved oxygen and CSOs regrets at the expense of increasing those related to 262 
costs, emissions, river ammonia and river flooding risk. Indeed, as SS and CS improve the 263 
conveyance capacity of the sewers, the hydraulic response of the system is intensified, 264 
compromising performance downstream. SS deteriorates river oxygen levels because this 265 
strategy generally offsets the organic load abated from CSO spills by increasing untreated runoff 266 
discharges to the river. Stored volumes pumped for treatment in the CS strategy prolong high 267 
hydraulic loads at the WWTP, compromising on treatment performance and ammonia levels on 268 
the treated effluent.54  269 
On-site treatment of wastewater (OT) shows the lowest regret regarding operational GHG 270 
emissions across future scenarios. These are mostly affected by dry weather flows, as the 271 
influence of stormwater flows is limited to sporadic rainfall events. This is demonstrated by the 272 
similar GHG emissions regrets of any other alternative relative to “do-nothing”. In particular, the 273 
high regret in GHG emissions for the CS alternative highlights the existing trade-off between 274 
reducing CSOs and increasing operational emissions in large underground storage schemes. 275 
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3.2. Robustness Analysis 276 
Each scenario regret score in Figure 4 represents the weighted balance of category regret 277 
scores across all performance categories for each future scenario (applied through Equation 3). 278 
Mean regret scores express the overall regret of the alternatives across all the considered future 279 
scenarios. 280 
 281 
Figure 4.  Scenario regret (colored bars) and mean regret (gray bars) scores of drainage 282 
strategies. Low mean regret is interpreted as robustness or consistent good performance across 283 
future scenarios (mini-mean criterion). Error whiskers and boxes plotted for each strategy show 284 
the total range and upper and lower quartiles of mean regret scores associated with uncertainty in 285 
future scenario parameters (more information available in the SI). 286 
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Figure 4 implies that the disconnection of roofs using rain gardens (SCR) is the most robust 287 
(i.e. least regrettable) strategy overall and under each future scenario. The implementation of 288 
bioretention planters in roads (SCP) results in the second most robust strategy, even though 289 
scenario regrets of SCP for Innovation and Markets are higher than those of SS and CS. Indeed, 290 
SCP’s abatement of regrets in Lifestyles and Austerity largely offsets its loss of performance in 291 
Markets and Innovation relative to SS and CS, since the margin for improvement is more 292 
constrained in these last two future scenarios (i.e. regrets are closer to each other). One of the 293 
advantages of a regret-based approach is to bring attention to states of the world most relevant to 294 
decisions, in which positive or negative outcomes may strongly depend on our choices.47,55 The 295 
broad range of regret observed in Lifestyles (i.e. from best at 0.17 to worst at 0.76) indicates that 296 
there is greater potential to abate negative impacts and make less regrettable decisions when 297 
based on this future scenario.  298 
On-site treatment of wastewater (OT) performs better than other gray options in these 299 
scenarios, but its robustness is largely limited by its failure to directly address stormwater 300 
management issues such as sewer flooding and CSO spills.  301 
The least robust strategy in Figure 4 is “do-nothing”, which also shows the highest scenario 302 
regrets, only exceeded by SCC and CS under Markets and Austerity, respectively. The high 303 
mean regret of urban creep mitigation using permeable pavement (SCC) reflects the costly 304 
implementation of this alternative relative to its limited beneficial effect in other impact 305 
categories across future scenarios (see Figure 3). Given the robustness of other green strategies, 306 
such as rain gardens for roofs (SCR), combining urban creep mitigation and downspout 307 
reconnection (i.e. SCC that also infiltrates roof runoff) could result in a more cost-effective 308 
investment per marginal regret abated and, consequently, a more robust alternative overall. 309 
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The mean regret of the CS strategy suggests that the costs and indirect environmental impact 310 
(i.e. operational emissions, river ammonia levels and river flood risk) of large gray infrastructure 311 
schemes exceed its immediate potential benefits (e.g. CSO reduction), constraining its robustness 312 
across a variety of possible future scenarios. Conventional gray strategies (SS and CS) are 313 
predominantly effective in addressing very specific objectives (CSO reduction and sewer 314 
flooding alleviation) while compromising their performance on costs (on average, 25% of their 315 
total regret) and less apparent issues (impacts downstream in the system). The results obtained in 316 
Figure 4 demonstrate that this unbalanced performance limits the ability of gray infrastructure 317 
strategies to be robust as they consistently accumulate regret from issues concerning downstream 318 
performance (this accounted on average for 50% of their total regret), becoming particularly 319 
vulnerable to states or the world where such objectives are more relevant to decisions (e.g. 320 
Lifestyles). In contrast, green strategies, such as rain gardens (SCR) and bioretention planters 321 
(SCP), show less pronounced performance trade-offs (i.e. see SCR in Figure 3, small cost regrets 322 
to lower many category regrets simultaneously), thus contributing to the reduction of regret in an 323 
ampler variety of objectives. Consequently, as green alternatives can become more adaptable to 324 
physical change and to shifts in the valuation of multiple objectives, they are expected to be 325 
more robust in the long-term. 326 
3.3. Implications 327 
Finding alternatives with low regrets spanning across a variety of future scenarios and objectives 328 
is crucial to propose sustainable drainage strategies in the long-term. The present work 329 
contributes to the advance of a growing body of literature concerned with the robustness of green 330 
and gray infrastructure options in the face of future uncertainty. The regret-based approach to 331 
robustness used here highlights how drainage strategies that may be perceived as robust options 332 
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now could be critically flawed if, as anticipated by incoming legislation and research, larger and 333 
more stringent sets of performance objectives are required in the future. The approach is also 334 
useful in recognizing future states where decisions may be particularly relevant or where 335 
alternatives are individually vulnerable. This permits to quickly identify promising strategies and 336 
reduce the number of candidate options in the decision process. 337 
The integration of multiple impact categories, regardless of their nature or the type of 338 
indicators used to describe them, permitted the realization of a broader and richer set of impacts 339 
and trade-offs for each strategy. Such integration is fundamental to evaluate the actual 340 
implications that merits or demerits of specific alternatives may have in multi-criteria decision-341 
making at the watershed-scale. This also allows the incorporation of intangible objectives that 342 
may be difficult to quantify or monetize when using traditional cost-benefit analysis. Still, a 343 
regret approach can be adopted alongside other methods to better inform decisions. 344 
The benefits described in this study for green strategies as compared to conventional gray 345 
solutions seem to agree with those reported in the literature14,15,19 regarding its role in improving 346 
water quantity and quality impacts more effectively. The performance reported for centralized 347 
gray infrastructure strategies also coincides with studies54,56 that question the use of CSO spills 348 
as an accurate indicator for water quality impacts on receiving waters. 349 
In general, the results show that green infrastructure alternatives are more robust than their 350 
gray infrastructure counterparts, as they compromise less on performance objectives.  351 
Nevertheless, scenario regrets and trade-offs observed for green and gray alternatives suggest 352 
that a combination of these into “hybrid” strategies may have a mutually beneficial effect, 353 
offering further potential for robustness that needs to be investigated. 354 
 355 
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